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ABSTRACT j

Volume 1 .F

This volume describes the general system arrangement and defines those
system components necessary to efficiently (weight and power losses) supply
a variable voltage d-c load at constant power. The system arrangement from

turbine shaft to d-c bus includes: a generator; an exciter-regulator, for gen-
erator excitation control; a transformer; a rectifier, and switch gear. The
switch gear includes circuit breakers, tap changers and bank switches as
needed.

The components and materials for each system component were selected on
the basis of temperature, frequency, power rating and availability. In most
cases, the generator magnetic materials are Hiperco 27 for stator and SAE
4340 for rotor. The conductors are copper insulated with an inorganic
material. Transformer materials include silicon-iron for core; copper
conductors; and insulation of mica, glass and asbestos. Silicon semi-
conductor devices were chosen in all cases because of weight and power
ratings.

The general approach to cooling each system component is discussed along

with the mathematical development of the approach chosen. All components
are cooled with a liquid coolant. The coolants used were potassium for the

generator, NaK or potassium for high temperature power conditioning equip-
ment, and MIPB for low temperature power conditioning equipment.

A method of determining size, weight and impedance of transmission lines is
developed. The approach was to develop equations for the resistance of hollow
and solid conductors, then balance the conductor power losses (I2R) to the

amount of power that can be radiated from the surface of the conductor.

Volume 2

This volume provides all the parametric data developed for each system com-
ponent of the one-to-ten megawatt study. Generator ratings of one, two_ five,
and ten megawatts at speeds from 10 to 24 thousand rpm and coolant tem-
peratures between 500F and ll00F are considered. All generator designs are

limited by the allowable stress of the rotor material for a combination of
speed and temperature. The combination usually decreases as the rating in-

creases. Because of these limitations, the specific weight generally increases

with rating. Additional designs at lower speeds, below 10, 000 rpm, were
added to the study because NASA indicated that turbine speeds might have to

be decreased. Designs at one, two, and five megawatts are included.

iv

I
r



The effect of advanced materials on generator weight and losses are also ex-
amined. The effect of better magnetic and insulation materials caused weight
reductions of about 25 percent and efficiency improvements of about 0.5 per-
cent.

The one-, five- and ten-megawatt transformer designs with maximum tem-
peratures of 500F, 1000F, and 1500F show that except for some limitations
the electro-magnetic weight is practically independent of rating for equal op-
erating conditions and efficiency. The designs also show that aluminum con-
ductors offer no weight or efficiency advantage over copper conductors.

The parametric data for the exciter-regulator and the rectifier show that the
silicon semiconductors are the best choice from a weight standpoint. The

data also shows that high-temperature devices do not offer any weight or ef-
ficiency advantage because their ratings are too low for this application.

Parametric data for circuit breakers, tap changers, and bank switches are

included to evaluate the effect of step changes in direct voltage.

Volume 3

This volume provides three conceptual system designs based upon three
missions. All designs are for one-megawatt ratings. The first design is
based on a variable output voltage of 600 to 6000 volts. The second design
is for a 4000-volt system and the third is for a 20,000-volt system. The
specific weights of the first and third system are about equal while system
number 2 has the lowest specific weight. The second system is lighter be-
cause no transformer is required. See Section VI I for a tabular summary
of each of the systems.

Volume 4

This volume provides all the parametric data and one preliminary system de-
sign for the extended portion of this contract. The ratings of the parametric
data are 250 and 500 kw at 5000 volts.

As shown by the preliminary design summary, the specific weight of this sys-
tem is higher than the specific weight of the one-megawatt system. The pri-
mary reason for the increase is this system supplies auxiliary a-c loads,
the generator operates at a lower frequency, and the general concept of weight
savings as system ratings increase is borne out for this type of system in

ratings below about one megawatt.
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The objective of the study is to provide data for power systems whose ratings
are less than one megawatt. This program is an extension of the one-to-ten
megawatt study under NASA. Centract NAS5-1234. The assumptionsp goals_
and conditions imposed on this study are comparable with the one-to-ten meg-
awatt study.

This task includes:

.

o

Develop parametric data for electric power systems so that a set of de-
sign constants may be chosen. The system parameters to be considered
are:

a. Rating of 250 kw and 500 kw

b. Direct voltage level of 5000 volts

c. Generator r_tor speed shall be 15,000, 20, 000 and 30, 000 rpm

d. Alternating voltage of 1000_ 1500, and 2140 volts

e. Coolant temperatures between 500F and 800F

f. Generator frequencies of 400_ 1000 and 2000 cps

Provide one preliminary system design, chosen by the contractor_ based
upon the parametric data of 1_ above.



A. PARAMETER SELECTION

1. Generator Types, Materials, and Cooling

The sections of Volume 1 and Volume 2 of this study entitled Comparison

of Generator Types, Generator Materials, and Generator Cooling, are
generally applicable to this study.

2. Choice of Generator Parameters

Following is a summary of the generator parameters used in this study:

Ratings:

Speeds:

300 and 600 kilowatts

8000, 12,000, and 24,000 rpm for 400-cps design
15,000, 20, 000 and 30, 000 rpm for 1000-cps and 2000-cps
designs

Average Coolant Temperatures: 500F_

Frequencies: 400, 1000, and 2000 cps

800F

Current Densities: A-C Winding; 8500 to 9500 amp/in. 2

D-C Winding; 3500 to 4500 amp/in. 2

Flux Densities: Varied with temperature

Single Air Gap: . 125 inch

Direct Axis Synchronous Reactance Xd: 1.9. p.u. _ 10%

Cell Thickness: See Section II of Volume 2.

Voltages (L-N): 1000, 1500, 2140 volts

9



B. 300-KILOWATT DESIGN SUMMARY

A summary of the most advantageous 300-kw generator designs in order of in-
creasing weight and decreasing efficiency is as follows:

Design
No. Design

43 2000 cps, 1000 V,
20000 rpm, 500F

44 2000 cps, 1500 V
20000 rpm, 500F

45 2000 cps, 2140 V
20000 rpm, 500F

37 2000 cps, 1000 V
15000 rpm, 500F

38 2000 cps, 1500 V
15000 rpm, 500F

41 2000 cps, 1500 V
15000 rpm, 800F

40 2000 cps, 1000 V
15000 rpm, 800F

25 1000 cps, 1000 V

20000 rpm, 500F

39 2000 cps, 2140 V
15000 rpm, 500F

26 1000 cps, 1500 V
20000 rpm, 500F

42 2000 cps, 2140 V
15000 rpm, 800F

19 1000 cps, 1000 V
15000 rpm, 500F

Elec-
trical

Weight

192

2O2

2O4

236

237

245

250

262

262

26_

274

28O

Design %

No. Design Efficiency

1 400 cps, 1000 V 94. 2
8000 rpm, 500F

3 400 cps, 2140 V 94. 0
8000 rpm, 500F

25

19

1000 cps, 1000 V 93.9
20000 rpm, 500F

1000 cps, 1000 V 93.8
15000 rpm, 500F

2 400 cps, 1500 V 93; 7
8000 rpm, 500F

43 2000 cps, 1000 V 93.5
20000 rpm, 500F

20 1000 cps, 1500 V 93.5
15000 rpm, 500F

7 400 cps, 1000 V 93.5
12000 rpm, 500F

26 1000 cps, 1500 V 93.3
20000 rpm, 500F

8 400 cps, 1500 V 93.2
12000 rpm, 500F

44 2000 cps_ 1500V 93.1
20000 rpm, 500F

45 2000 cps, 2140 V 93.1
20000 rpm, 500F

3



Combining like design points from the preceding tabulation, the 300-kw de-
signs having lowest weight and highest efficiency are:

Design
No.

43
44
45
25

26
19

Freq.
(cps)

2000
2000
2000
1000
1000
1000

Rating
Voltage
(volts)

1000
1500
2140
1000
1500
1000

Speed
(rpm)

20000
20000
20000
20000
20000
15000

Coolant

Temp.

500F
500F

500F
500F
500F

500F

Electro-

Magnetic
Weight

192 lbs.
202 lbs.
204 lbs.
262 lbs.
264 lbs.
280 lbs.

Efficiency

93.5%
93.1%
93.1%
93.9%
93.3%
93.8%

4



C. 600-KILOWATT DESIGN SUMMARY

A summary of the most advantageous 600-kw generator designs in order of
increasing weight and decreasing efficiency is as follows:

E1ec-

Design trical
No. Design Weight

97 2000 cps, 1000 V 342
20000 rpm, 500F

98 2000 cps, 1500V 357
20000 rpm, 500F

99 2000 cps, 2140 V 370
20000 rpm, 500F

91 2000 cps, 1000 V 410
15000 rpm, 500F

93 2000 cps, 2140 V 427
15000 rpm, 500F

92 2000 cps, 1500V 437
15000 rpm, 500F

80 1000 cps, 1500 V 456
20000 rpm, 500F

73 1000 cps, 1000 V 484
15000 rpm, 500F

74 1000 cps, 1500 V 493
15000 rpm, 500F

79 1000 cps, 1000 V 505
20000 rpm, 500F

75 I000 cps, 2140 V 507

15000 rpm, 500F

81 1000 cps, 2140 V 516

20000 rpm, 500F

Design %
NO. Design Efficiency

73 1000 cps, 1000 V 95.4

15000 rpm, 500F

57 400 cps, 2140 V 95.2
8000 rpm, 500F

74 1000 cps, 1500 V 95.1
15000 rpm, 500F

56 400 cps, 1500 V 95.0
8000 rpm, 500F

80 1000 cps, 1500 V 94. 8
20000 rpm, 500F

79 1000 cps, 1000 V 94. 7
20000 rpm, 500F

81 1000 cps, 2140 V 94. 6
20000 rpm, 500F

55 400 cps, 1000 V 94. 6
8000 rpm, 500F

75 1000 cps, 2140 V 94. 5

15000 rpm, 500F

60 400 cps, 2140 V 94. 4
8000 rpm, 800F

97 2000 cps, 1000 V 94. 2
20000 rpm, 500F

98 2000 cps, 1500 V 94. 2
20000 rpm, 500F

5



Combining like design points from the preceding tabulation the 600-kw de-

signs having lowest weight and highest efficiency are:

Design Electro-

Design Freq.
Rating

I Speed(volts) (rpm)NO.

97
98
8O
73
74
79
75
81

(cps)

2000

2000

1000
1000
1000
1000
1000
1000

Voltage

1000
1500
1500
1000

1500
1000

2140

2140

20000

20000

20000

15000
15000
20000

15000
20000

Coolant

Temp.

500F

500F
500F

500F
500F
500F
500F
500F

Magnetic
Weight

342 lbs.
357 lbs.
456 lbs.
484 lbs.
493 lbs.
505 lbs.
507 lbs.
516 lbs.

Efficiency
r

94.2%
94.2%
94. 8%
95.4%
95.1%
94. 7%

94.5%
94.6%

6
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D. TABULATED DATA

This section presents the detailed information of each generator design, in
tabular form, used to generate the summary tables of Sections II-B and II-C.
The data in each table are for the following generator designs:

Table Rating Frequency
No. (kw) (cps)

1 300 400
2 300 1000
3 300 2000
4 6OO 40O

5 600 1000
6 6OO 2000
7 1000 400

7 1000 1000
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E. ANALYSIS OF PARAMETRIC DATA

1. Weight and Efficiency Versus Speed Curves (Figures 1 through 12)

All curves are at the end of section I I-E.

The generator output voltage is proportional to the number of conductors

in series and to the time rate of change of flux through the turns. For a
given voltage, as both the speed and the frequency are increased, the

required number of turns in series and/or the required flux per pole de-
creases, generally resulting in a decrease in generator weight. The 500F
designs show a weight advantage over the 800F designs as explained inthe

following paragraphs. Maximum speeds, as limited by the strength of
the rotor steel, were as follows:

RQ At 500F, practical 300-and 600-kw designs were obtained for speeds
up to 20, 000 rpm.

bo At 800F, practical 300-kw designs were obtained for speeds up to
15,000 rpm.

Co At 800F, no practical 600-kw designs were obtained at speeds above
8000 rpm, since the rotor stress limit was exceeded at 12,000 rpm
for the 400 cps designs and slightly exceeded at 15,000 rpm for the
1000 and 2000 cps designs.

At 8000 rpm, Hiperco-27 stator steel and SAE-4340 rotor steel were used
for both 500F and 800F coolant temperatures. As shown on the curves in

the generator materials section for Hiperco 27 (at 120 KL/in2) and for

SAE 4340 (at 85 KL/in2), there i_ only a slight difference in magnetic
characteristics between 600F and 900F, the assumed steel temperatures.
At 8000 rpm, the slightly increased weight of the 800F generator, as
shown in the tabulated data for Designs 4 through 6, is due principally to
the higher IR drop in the windings which requires a higher internal gener-
ated voltage and thus a small increase in weight in order to produce the
same full load terminal voltage as the 500F design.

At speeds of 12,000 rpm and above, it was necessary to use Westinghouse
Nivco rotor steel for suitable strength at an average coolant temperature
of 800F. The use of Nivco limited the rotor flux density to approximately
60 KL/in 2. This limitation required a larger rotor area and a correspond-
ing increase in weight to carry the necessary flux.

All 24, 000- and 30, 000-rpm designs were found to exceed the stress limits
of the rotor steel both at 500F and 800F. Because two-pole inductor alter-

nators have been found impractical from a mechanical standpoint, the 400-
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cps, 24, 000-rpm designs were calculated for comparison purposes only.

At an average coolant temperature of 500F, 20, 000 rpm was found to be

the maximum speed practical for both 300- and 600-kw ratings without ex-
ceeding the stress limits of the rotor steel. At an average coolant tem-
perature of 800F, 15,000 rpm was found to be the maximum speed prac-
tical for the 300-kw ratings, but this speed and temperature resulted in
600-kw designs which slightly exceeded the maximum allowable rotor-
steel stress limits.

The 400-cps designs, in general, showed little advantage as the speed in-
creased from 8000 rpm to 12,000 rpm. In only 3 cases was a weight ad-

vantage found at 12,000 rpm. In all cases the efficiency decreased as the
speed was increased from 8000 rpm to 12,000 rpm. The disadvantage of
the higher speed chiefly occurred for the 400-cps designs because of the

length of the a-c stator-winding end extensions was significantly greater

for the four-pole, 12,000-rpm designs than for the six- pole, 8000-rpm
designs. The added copper length of the 12,000-rpm designs produced

higher winding temperatures, higher copper (I2R) losses, and added weight.

The 1000-cps and 2000-cps designs, in most cases, showed a weight and
efficiency advantage at 20, 000 rpm.

As shown by the curves, the 2000-cps designs had the lowest weights while
the 400-cps designs had significantly higher weights.

In most cases the 1000-cps designs had higher efficiencies than the 2000-

cps designs at 15, 000-rpm while the efficiencies were, in general, not
significantly different at 20,000 rpm.

Based upon the Weight and Efficiency Versus Speed Curves, the 500F,
2000-cps, 20, 000-rpm designs have the least weight. The 1000-cps de-

signs have slightly higher efficiencies at 20, 000 rpm, but also have high-
er weights. The-500F, 2000-cps, 20, 000-rpm designs thus appear tohave

the best combinations of low weight and high efficiency.

2. Weight and Efficiency Versus Voltage Curves (Figures 13 through 21)

As the rated voltage of a generator is increased either turns per phase or

flux per pole must be increased. In addition, the required insulationthick-
ness increases. Actual slot cell thicknesses used are given in the section
on Generator Parameters (Section I I of Volume 2). For a given power
rating, as the rated voltage increases the rated current decreases, allow-
ing a decrease in the conductor size.
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The various voltage levels considered were found to have a relatively
small effect on the generator weights in comparison to the effects ob-
tained by varying frequency. In general, the per cent weight variations
were similar for the various frequencies at the 1000, 1500, and 2140

line-to-neutral generator voltage levels considered.

For the majority of designs the weights increased as the rated voltage
was increased. This indicated that the required insulation thicknesses,

iron, and number of conductors had a more significant effect on the weight
than did the decrease in copper size realized by the decreased current
requirements.

The increased insulation thickness, in some cases, increased the average
winding temperature thus increasing the a-c winding copper losses. In
other cases, an increase in the number of conductors increased the a-c
winding copper losses. F.fficiencies were lowered for some of the designs
by the increased copper and iron losses, which accompanied the increased

voltage ratings. Other designs were found to have better combinations of
parameters at the higher voltages, resulting in small improvements in
efficiencies.

The following voltage levels were found, in general, to give the lowest

weights and highest efficiencies for the various combinations of rating
and frequency.

Voltage for

Lightest Wt.

Voltage for
Highest Eft.

300 kw, 400 cps 1000 V 1000 V
300 kw, 1000 cps 1000 V 1000 V
300 kw, 2000 cps 1000, 1500 V 1000 V

600 kw, 400 cps 1500, 2140 V 2140 V
600 kw, 1000 cps 1000, 1500V 1000, 1500 V
600 kw, 2000 cps 1000 V 1000, 1500 V

Based on the above data 1000 volts appears to produce the best combina-
tions of light-weight and high-efficiency for 300-kw ratings at 400, 1000,
and 2000 cps. For 600-kw ratings: 2140 volts appears best for 400-cps;
1000- to 1500-volts appears best for 1000 cps; and 1000 volts appears best
for 2000 cps.
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o Specific Weight and Efficiency Versus Rating Curves (Figures 22 through
33)

Since only 300-kw and 600-kw ratings were considered in this section of

the program, the majority of these curves show only comparisons between

the two ratings rather than general trends. Some available one-megawatt
design points, from calculations made in other programs, are shown to
aid in illustrating the effects of various ratings. The effects of varying

frequency_ speed_ temperature, and voltage were discussed in previous
sections.

At 1000 volts and 400 cps, both specific weight and efficiency are higher
at 600 kw for the practical designs. The higher specific weights appear
more significant than the increased efficiencies of the 600-kw, 1000-volt,
400-cps designs. At 1500 and 2140 volts and 400 cps, the efficiency ad-
vantages of the 600-kw designs appear to offset the slight increases in

specific weight which occurred in some cases.

The 1000-cps and 2000-cps designs, in general, show both weight and ef-
ficiency advantages for the 600-kw ratings. The higher rating limited
the number of practical 800F designs which did not exceed the rotor steel
stress limits. The available one-megawatt design points show slightly
higher specific weight and approximately equal efficiencies when com-
pared to the 600-kw designs.

Based upon the designs calculated, for a specific combination of frequency

and voltage, the following ratings appear most advantageous in terms of
specific weight and efficiency.

400 cps, 1000 V- 300 kw
400 cps, 1500 and 2140 V- 600 kw

1000 cps, 1000, 1500, 2140 V-600 kw
2000 cps, 1000, 1500, 2140 V-600 kw
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i000 Volts, 800 F

Figure 2.
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Figure 3.
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Weight & Efficiency Vs Speed At Various Frequencies

& Temperatures For 300 KW Inductor Alternators,

1500 Volts L-N, 800 F
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:---Denotes Estimated Curves

Figure 4.

22



Weight & Efficiency Vs Speed At Various Frequencies

Figure 5.
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Figure 6.
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Figure 12.
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Weight & Efficiency Vs. Voltage at Various Frequencies

and Speeds for 300 KW Inductor Alternators at
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Figure 14.
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Lbs/KW & Efficiency Vs Rating At Various Frequencies
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Lbs/KW & Efficiency Vs Rating At Various Frequencies
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Figure 31.
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Figure 33.
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F. MATERIALS LIST

The following materials were used in the design calculations of this study.

Stator Magnetic Material - Hiperco 27

A- C Conductors - Copper

D- C Conductor - Copper

Conductor Insulation- Ceramic

Slot Insulation - Ceramic

Potting Material - Refractory Powder or Glass- Bonded
Refractory

Air-Gap Cylinder- Alumina

Stator Interlaminar Insulation - Alkophos

Rotor Steel - SAE 4340, Westinghouse Nivco, or Hiperco 2?,
depending on rotor stress and temperature

Coolant - Liquid Potassium
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A. PARAMETRIC DATA

1. Circuit Selector

The power circuit of the static-exciter, considered in this parametric
study, is the three-phase, full-wave, silicon-controlled-rectifier cir-
cult described in section II-B of volume 2. This circuit approach was
shown to be lightest in weight and highest in efficiency of all the methods
studied.

2. Choice of Parameters

The static-exciter-voltage regulator parametric study is based on the fol-

lowing assumptions:

a. All excitation power can be obtained directly from the generator out-

put terminals and excitation power is required only for load conditions
up to rated load.

b. A d-c power supply, external to the excitation system, can be used to
flash the generator field winding for generator voltage buildup. Al-
though some switching circuit would be required for this operation,
no consideration has been given to this in the parametric study.

C. The basic design, as presented in this study, does not include pro-
visions for paralleling a-c generators. In typical aircraft electric
power systems designed for parallel operation of a-c generators, the
prime mover contains provisions for dividing real load and the vol-
tage regulator contains provisions for dividing reactive load. Be-
cause of the potential difficulty in obtaining satisfactory real load
division with turbine drives, it appears that paralleling could be best
accomplished at the d-c bus rather than the a-c bus. Provisions for

paralleling could then be satisfactorily provided by the voltage regu-
lator.

do A two to one safety factor is used on the voltage ratings of the con-
trolled rectifiers and conventional rectifiers in the power amplifier.

This derating provides greater reliability and allows safe operation
during generator voltage transients.

eo Electrical component weights axe based upon a rated generator ter-
minal voltage of 1500 volts. For a rated generator voltage of 2140
volts there will be an approximate 3 percent increase in weight; and
for a rated generator voltage of 1000 volts there will be an approxi-
mate 3 percent decrease in weight.

53



Parametric data is shown as a function of the rated output power of the
static exciter-voltage regulator. The range of output power considered
was 2 kw to 6 kw.

The curves presented are based upon calculations at both the 3 kw and
the 6 kw level with other points obtained by extrapolation of the calculated
data.

The exciter-regulator power loss versus the exciter-regulator rating is
shown on Figure 34.

3. Cooling and Packaging Considerations

The proposed regulator packages are to be formed from aluminum sheet

metal for low weight and high thermal conductivity. Cooling is accom-
plished by conducting losses from electrical components to a cold plate.
The cold-plate design is formed aluminum sheet metal with coolant tubes
or ducts welded or brazed along the length and bottom of the package base.
All of the regulator designs proposed are bolted down with four mounting
points.

Calculations of package weights and required coolant flow were based on
the following assumptions:

a. Conduction is the primary means of cooling.

b. Turbulent flow is assumed for all 6-kw, 170F-coolant regulators.
Laminar flow is assumed for all other design cases.

Co Beryllium oxide is the insulation for all controlled rectifiers. The

thermal resistance assumed is 0.4C per watt from the rectifier case
to the cold plate.

do The liquid coolant chosen for this study is monoisopropyl biphenyl
(MIPB). See section I I I, volume 1, for properties.

e. The average coolant temperatures studied were 122F and 170F.

f.k The junction temperature of controlled rectifiers is limited to 94C

(201F), which is 25 percent below the maximum junction tempera-
ture, 125C, specified by the manufacturer.

go The hot spot temperature of the magnetic amplifiers is limited to
255F and that of the transformers to 390F.
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Figure 34.
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The mass flow values (pounds per minute of MIPB), given in Figure 35,
are based upon maximum allowable temperature rises permitted after

all component hot spot or junction temperatures have been determined,

and all thermal resistances added. Therefore, the mass flow value given
in Figure 35 represents the minimum flow required to maintain the derated

hot spot or junction temperatures chosen.

For those regulators where a high maximum-allowable-temperature rise
was permitted, laminar flow was assumed to achieve minimum flow rates.
For those regulators where the maximum allowable temperature rise was
small, turbulent flow and higher flow rates of MIPB were required for
cooling.

The exciter-regulator package weight versus the exciter-regulator out-
put rating is shown on Figure 36.

Parametric Data Utilization

With the parametric data presented in this section, it is possible to deter-
mine an appropriate exciter-regulator loss, coolant flow, and weight for
all but two of the 108 generator designs presented.
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Exciter-Regulator Coolant Flow Rate
Versus Output Rating

i iiiil!!7_

1 400 cps, 170 F Coolant

2 1000 cps, 170 F Coolant

3 2000 cps, 170 F Coolant

4 400 cps, 122 F Coolant

5 1000 cps, 122 F Coolant

6 2000 cps, 122 F Coolant

Figure 35.
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Figure 36.
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B. LIST OF MATERIALS AND COMPONENTS

The foUowing would be used in the fabrication of the static exciter-voltage
regulators.

1. Electrical Components

a. Silicon controlled rectifiers (Jedec Type 2N1799, Westinghouse
Electric; Type 2N2030 or 2N689, General Electric)

bo Silicon rectifiers (Jedec Type 1N1402 or 1Nl197; Westinghouse
Electric; Type 1N645, Texas Instruments; Type 1N746A, Motorola)

Co Wirewound resistors - typical suppliers:

TS, (2) Dale Electronics, type WW, (3)
S.

(1) Tepro Electric type
Sage Electronics, type

do Wirewound and encapsulated potentiometers (Clarostat Mfg. Co.,
Cat. CM25764).

e. Compressed mica paper capacitor impregnated with thermal setting
polyester. (Bendix Corp., Cat. No. RMTOB-1AC250K).

f. Saturable reactors

(i) Core material; 80% nickel-iron alloy, toroidal tape wound
core encased with silicone grease in an aluminum core box.
(Typical supplier: G. L. Electronics. Material trade name:
Hymu-80).

(2) Magnet wire: ML insulated copper wire.

(3) Insulation: Mylar tape.

g. Transformers

(I) Core material: grain oriented silicon steel (Typical supplier:
Westinghouse Electric. Material trade name: Hipersil).

(2) Magnet wire: ML insulated copper wire.

h. Hookup wire - Teflon insulated copper wire.

2. Packaging Materials

a. Aluminum QQ-A-318 Cond. 1/2 H

59



b. Clips, Component - Cadmium Plated Steel MIL-S-17919.

c. Solder, Tin Lead 60-40

d. Epoxy 100% Solid

e. Epoxy 53841GD Blue Thixotropic epoxy resin fluidized powder.

f. Silicone Rubber

g. Glass Filled Epoxy Nema G-10.

h. Beryllium Oxide

i. Extruded Teflon

j. Steel QQ-S-633- FS1010

k. Carbon Steel QQ-S-633 Cl137

1. Clear Phenolic Varnish, Vacuum pressure impregnated

m. Teflon Impregnated Glass Cloth

n. Silicone Micarta Nema G-7

o. 8468-2 Tape Thermosetting Glass Tape

p. Varnish, Silicone D. C. 997

q. Nickel Plating

r. Gold Plating

6O



.

A. PARAMETRIC DATA

Electrical Considerations

To show how losses vary with weight, a number of transformer designs

were made for each operating condition. The total weight was then deter-
mined for each design. The total weight and the losses are plotted in
Figures 37, 38, 39, and 40 for 250 kw at 500F, 500 kw at 500F, 250 kw
at 800F, and 500 kw at 800F, respectively. The losses for 500F coolant
are based on a copper and iron temperature of 575F and the losses at

800F coolant are based on a copper and iron temperature of 925F. The
curves also show the effect of frequency on weights and losses.

In the transformer designs the following assumptions were made as a

basis for the calculations: (1) The copper had 100 percent conductivity
at the temperature at which the losses were calculated; (2) Because
data showing temperature effect on magnetic materials was not available
at frequencies above 400 cps, it was assumed that the temperature effect
would be similar for the higher frequencies. Available data was then pro-
jected to give working values. (3) So that higher cooling efficiency might
be realized, a tape-wound core with an inorganic binder was assumed.
Inorganic binders for tape-wound cores to temperatures of ll00F are under

development at the present time; and appear to be feasible.

2. Cooling and Packaging Considerations

All parametric cooling data is based upon the use of eufectic NaK coolant
fluid. Eutectic NaK exhibits excellent properties for both the 500F and

800F designs. The one-to-ten-megawatt study indicated that the small

convection film temperature drop of NaK would yield a lighter overall
cooling system design.

For most effective cooling, the coolant must be passed directly through
the transformers. This will be accomplished by placing insulated, stain-
less-steel ducts between the primary and secondary windings of the trans-
former and between the core and primary windings. The coolant flow
will be parallel in all ducts at an assumed velocity of one foot/second.
Based upon this cooling configuration and constant velocity flow for all

designs, the flow rate of coolant is directly dependent upon the trans-

former size and losses. The transformer, hot-spot temperatures is
limited to 750F and ll00F for the 500F and 800F coolants, respectively.
Using the above conditions, the cc'olant flow rate for each transformer
was calculated.

The total packaged weight of any transformer is the summation of the

electro-magnetic weight, the insulation and mounting hardware weight,
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and the cooling system weight. The insulation and mounting hardware

weight were found to be approximately 42 percent of the electro-magnetic
weight for all 1000 volt designs. Cooling system weight was found to be

virtually proportional to transformer heat loss. Therefore, the percent-
age of total weight comprised by the cooling system was found to vary
from 0.5 percent to 4 percent, depending on the magnitude of the losses
in each case.

Figures 41, 42, 43, and 44 show cooling flow variation with weight.
These curves show that for the heavier designs a large increase in weight

is accompanied by only a small decrease in fluid flow. To select a trans-
former weight for a specific power, temperature, and frequency condi-

tion, the weight of the external cooling system must be considered.
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I. Coolant

2. Coolant Tubes

o

4.

Heat Sink

Supporting Structure

5. Hardware

Be

6. Cooling Tube Insulation

7. Conductor

8. Core

9. Insulation

LIST OF MATERIALS

Eutectic NaK

Type 321 Stainless or Type 316 (extra

low carbon) Steel

Copper

High strength austenitic steel or a

stable stainless steel (Type 321)

High strength austenitic steel or a

stable stainless steel (321)

Mica

Copper

Silicon Steel

Mica, glass, asbestos, and combina-

tions of the preceding
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A. RECTIFIER PARAMETRIC DATA

1. Electrical Considerations

The basic transformation circuit considered in the rectifier circuit para-
metric study is the Wye, 6-phase, Delta, Double Way (Bridge). This
configuration provides an overall rectifier system with the least number
of diodes and highest rectifier efficiency. The electrical operation of
this circuit is described in section III-A of volume 2. This part of the
study considers the diodes and voltage balancing components.

Table 8 lists the component quantity, size, weight, and power losses for
a single-bank, silicon-diode system capable of providing 250 kw and 500
kw at a direct current output voltage of 5 kilovolts for three input fre-
quencies of 400, 1000, and 2000 cycles per second.

To calculate the data for Table 8 several assumptions were made to facil-
itate the comparison of this data with the data presented in Section I I I of
volume 2.

Re The number of diodes per rectifier bridge were determined by re-
quiring the diode peak-inverse-voltage rating to be at least 2.5 times
the peak inverse voltage seen by each diode under normal operation.
This voltage factor of 2.5 allows for voltage transients, unbalance
between diodes, adequate derating for long life, and permits safe
operation with some shorted diodes.

be The current rating of the diodes was determined by requiring a mini-
mum overload capacity of 400 percent for one second. This overload

rating was determined to be adequate from a preliminary study of
generator system capabilities.

C. Diode manufacturers have indicated that diode losses are essentially
unaffected by operating frequencies below 5000 cycles per second.
This is particularly true of diffused junction diodes which are avail-
able in the current ratings chosen for this study. Therefore, recti-
fier losses were assumed to be constant over the frequency range of
400 to 2000 cycles per second. Diode losses were calculated on the
basis of using alloy junction diodes with a junction temperature of
142C (277F) which is a 25 percent derating from the specified maxi-
mum of 190C.

e The silicon diodes used in this study are currently available in 600 PIV

ratings. It was assumed, however, that normal improvements in the
state of the art will make these diodes available with 800 PIV ratings
within a five year period.
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TABLE 8.

250 and 500 Kilowatt - Single Bank, Silicon Diode System

Output Power

A.C. System Frequency (cps)

Diode D.C. Bus Volts

Resistor

Capacitor

Conductors

Load D. C. Amps
Amps/3 Phase Brid_e
Amps/Bridge Log

Peak Amps
Average Amps

Diode PIV

Diodes/3 Phase Bridge
Total No. Diodes
Diode Type

Watts Loss/Diode
Total Diode Loss (watts)

PIV I Multi]?. Factor
Total Diode Wt. (#1
Total Diode VOl. (In. 3)

Shunt Resistance (ohms)
Watts Loss/Resistor
Total Qty. Resistors
Total Res_ Watts

Total Res. Wt. (#)
Dimensions

250 Kilowatt

4OO

5 KV
5O
5O

50
16.7
800
102
102
JEDEC
1Nl190
Except
800PIV
20.1
2052
2. _9
5.9
63

500 Kilowatt

1000 2000 400 1000 2000

5 KV !5 KV 5 KV 5 KV 5 KV
50 50 100 100 100
50 50 100 100 100

50 50 100 100 100
16.7 16.7 33.3 33.3 33.3
800 800 800 800 800
102 [02 102 102 102
102 102 102 102 102
JEDEC JEDEC _ 300 W 300 _ 300
1Nl190 1Nllg0 Except Except Except
Except Except 800PIV 800PIV 800PIV
800PIV 800PIV
20.1 20.1 35.5 35.5 35.5
2052 2052 3621 3621 3621
2.59 2.59 2.59 2.59 2.59
[5.9 5.9 19.2 19.2 19.2
63 63 241 241 241

4CK 40K 40K
0. 97 0. 97 0.97
102 102 102
99 99 99
0.6 0.6 0.6
7/8"L 7/8"L 7/8"L
5/16"D 5/16"D 5/16"D

Shunt Cap. (ufd.) .01 .01 .01
Watts Loss/Cap. .008 .023 .082
Total Qty. Cap. 102 102 102
Total Cap. Watts .82 2.35 8. 36
Total Cap. Wt. (#) 1.9 1.9 1.9
Dimensions 1. 125"L 1. 125"L 1. 125"L

. 4"D .4"D .4"D

Total Conductor Wt. (#) .7 .7 .7
Total Conductor Losses (watts) 17 17 17

Total Losses (watts) 2169 2170 2176

Conversion Efficiency (%) 99.139 99. 139 99.137

20 K 20 K 20 K
i. 93 I. 93 i. 93
102 102 102
197 197 197
0.6 0.6 0.6
7/8"L 7/8"L 7/8"L
5/16"D 5/16"D 5/16"D

.1 1 .1

.062 183 .654
102 102 102
6.33 18.7 66.6
7.03 7.03 7.03
1.625"L 1.625"L 1.625"L
.670"D 670"D .670"D

!2.0 2.0 2.0
71 71 71

3896 3908 3956

99.22 99.22 99.21
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Weight and losses of the interconnecting conductors between the series diodes
and the six rectifier legs of the assembled bridge were determined on the basis

of a current density of 4500 amperes per square inch. In other larger current
rectifier systems it would probably be desirable to decrease conductor weights
at a penalty of slightly greater conductor losses by increasing the conductor
current density.

2. Cooling and Packaging Considerations

Parametric data of dry weight, required coolant flow, and average cool-
ant temperature for cold-plate cooling is summarized in Table 9 for both

250- and 500-kw rectifier packages. The cooling system calculations are

based on the physical properties of monoisopropyl biphenyl (MIPB, per
Monsanto Chemical Co. ) as coolant.

Data presented in Table 9 is based on the following assumptions:

a. The average coolant temperatures are 122F and 170F.

b. Conduction is the primary method of cooling.

c. Laminar flow is considered for all conditions.

do Beryllium oxide is used as the diode insulation. The thermal re-
sistance is assumed to be 0.4C/watt from the diode case to the cold

plate.

The rectifier package is formed from sheet aluminum. The coolant ducts

are brazed or welded to the main section of the cold plate. The beryl-
lium oxide insulation is attached to the cold plate and the diodes are

mounted in the insulation. Beryllium oxide insulation is used to avoid a
large insulation temperature drop between the diode case and the cold

plate. The heat dissipated by the diodes is to be conducted through the
beryllium oxide insulation to the cold plate and removed by the coolant

flowing in coolant ducts of rectangular cross section. There are two

coolant ducts per rectifier-bridge leg.

The coolant flow rates, as given in Table 9, are the minimum required
to maintain the derated diode junction temperatures with the package
configuration described above.
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TABLE 9.

Rectifier Package Coolant Flow Rates and Weights

Output Power

Average Coolant Temp.

Coolant (MIPB) Flow
Rate (#1Min.)

50C

250 kw 500 kw

77C50C 77C

3.8 12.0

49 49

13.2 34.0

Package Dry Weight (#) 115 115
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B. LIST OF MATERIALS AND COMPONENTS

The following materials and components are used in the rectifier package
described:

Diodes - Silicon alloy or diffused junctions, nickel plated copper case,
glass hermetic seal, hard solder, connections.

Capacitors - Bendix E-200 Series, reconstituted mica insulation, alumi-

num foil, glass hermetic sea/.

Resistors - Wire wound, encapsulated with a silicone coating, tinned
copper leads.

Hardware- Carbon steel QQ-S-633, FS1010, Cadmium Plate QQ-P-416.

Mounting Clips - Cadmium plated steel, MIL-S-17919 No. 4.

Solder - Tin 60%, lead 40%.

Insulation- Beryllium Oxide.

Structure & Tubing - Aluminum QQ-A-318 Cond. 1/2 Hard.

Paint - Gray wrinkle enamel, baked.

Conductors- Copper
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V I CIRCUIT-BREAKERPARAMETRICDATA



A. GENERAL APPROACH TO CIRCUIT

BREAKER DESIGN

The following paragraphs describe the design approach taken for each major

component of the circuit breaker. The basic unit is a three-pole, single-
throw latch type (SPST).

a. Dielectric and Current Interruption

The parametric data reflects non-sealed circuit breaker design for
use in vacuum environment. Vacuum environment was chosen for

its very high dielectric properties and its superior current inter-
ruption capacity. The one serious disadvantage of the vacuum en-
vironment is the possibility of cold-welding the contact surfaces.
Sealed, gas-filled units would, of course_ avoid the vacuum weld
problem, but at the expense of materially larger and heavier units.

The dielectric property of a vacuum is so high that contact gaps_ in-
sulation gaps, and insulation creepages at the 1000- and 2140-volt
levels are determined more from a mechanical than from electrical
considerations.

b. Contact Materials

The selection of contact material for the electrical contacts was based

on the premise: If two metals exhibit mutual insolubility in both the

solid and liquid states_ those two metals would be excellent candi-
dates for non-welding characteristics. A review of available binary
phase diagrams provided several pairs of materials meeting these
requirements.

Ag- Ta Ag- Ir Ag- Ro

Ag-V Ge-W Cu-Nb
Ag- W Ag- Re Cu- Re

Because the materials must also have low combined resistivities and

have some mechanical strength_ the best pair is Cu- Nb (copper -

columbium). Ag - W (silver - Tungsten) is next best because of its
superior combined conductivity. Copper - columbium was chosen for
these breakers.

c. Vapor Shields

Since the circuit breaker may be required to interrupt fault currents

as well as normal loads, there will be minute amounts of contact ma-
terials vaporized during interruption. Vapor shields surrounding
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each pair of contacts are provided to cause condensation of those
vapors on the shields to prevent their accumulation on the insula-
tion materials.

d. Actuating and Latching Mechanism

A plate-type armature magnet (sometimes referred to as a flat-faced_
lifting magnet) was chosen. This was based c_n two considerations:
(1) to provide a force-stroke characteristic compatible with the short-
stroke requirements of the contacts; (2) To eliminate sliding parts
normally found in conventional plunger solenoids. A permanent-mag-
net latch was chosen to hold the breaker closed. This type of latch

eliminates the continuous power drain required of electrically-held
unitsp and allows the trip time to be controlled to five or ten milli-
seconds.

e. Configuration

In order to eliminate sliding or rolling conductor or mechanical sur-

faces the following power circuit is used. Power is brought into the

unit through a copper feed-through insulated with beryllium oxide.
(Beryllium oxide is used to provide the necessary insulation and pro-

vide a good thermal path to the structure. ) Molybdenum flexible

straps axe mounted on the feed-through extension with the copper
movable contact mounted on the opposite end of the straps. (Moly-

bdenum was chosen as a compromise between electrical resistivity

and mechanical strength needed for the flexing straps. ) A columbium

stationary contact is mounted by means of beryllium oxide insulation

in line with the copper movable contact. Columbium is used for the

other feed-through as a common member with the contact.
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B. PARAMETRIC DATA AND ANALYSIS

Table 10 shows the power losses to be very low. The parametric data is
tempered toward slightly higher weights and lower losses to afford the possi-
bility of radiation cooling in total or a simplified liquid cooling arrangement.
The losses also tend to be lowered by the use of copper-columbium combina-
tion for the contact materials. The reduction in losses at the 800F condition

is caused by a reduction in copper yield strength offsetting its increase in re-
sistivity.

The increased weight of the mechanism at 800F is caused by a reduction in

magnetic flux density ill the magnetic circuit and to increased resistivity of
the electric circuit.

TABLE I0.

LINE CIRCUIT BREAKER PARAMETRIC DATA

Average Coolant Temp.

Output Power

L- N Voltages

Contact Losses (watts)
Conduction Losses (watts)

Total Losses (watts)

Coolant Flow (#/min)

Mechanism Wt. (lbs)
Struct. Wt. (lbs)

Total Wt. (lbs)

500F

250KW

1000V 2140V

13 3
6.7 5.3

19.7 8.3

1.25 0. 53

1.4 .75
1.4 1.35

2.8 2.10

50OILY

1000V 2140V

27 9
10.1 6.4

37. 1 15. 4

2.4 1.0

3.3 1.2
3.0 1.4

6.3 2.6

800F

250KW

1000V 2140V

12 2. 7
12.2 9.6

24. 2 12. 3

3.6 1.9

3.4 1.8
1.5 1.4

4.9 3.2

500K'W

1000V 2140V

24 8
18. 2 11.6

42. 2 19. 6

6.4 3.0

8.0 2.9
3.1 1.4

11.1 4.3
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C. COOLING AND PACKAGING CONSIDERATIONS

The entire mechanism of the contactor is mounted directly to a structural
base with a wire screen or perforated cover used to protect it from mechan-

ical damage.

The low losses in the unit are expected to be easily dissipated by direct radia-
tion to the external structure or to a cold plate.

Allowance, however, has been made in the weight estimates for use of a
cooling tube on the base plate should other heat sink environment be unavail-
able.

OS-124" is the coolant for 500F designs, and eutectic NaK is used for 800F

designs. These were found to be best for this application in the previous one-
to-ten-megawatt study.

Coolant flows, listed in Table 10, show the relative flow requirements for a
fluid temperature rise of 1 C. Higher temperature rise is permissible with
proportional reduction in required coolant flow.

* Registered trademark-- Monsanto Chemical Company
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D. LIST OF MATERIALS

The following materials would be used in the circuit breakers described
above:

Contacts

Contact Supports

Contact Arm

Insulation

Case and Cover

Hardware

Solenoid

Spring

Cooling Tube

Copper and Columbium

Copper

Molybdenum

Beryllium Oxide

Type 321 Stainless

Type 321 Stainless and possibly a high
strength austenitic alloy (such as Dis-
caloy or A-286)

Armco Iron_ Copper_ Alnico 5

Inconel X or Rene t 41

Type 316 E LC Stainless
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A. SELECTION OF SYSTEM PARAMETERS

From the parametric data, NASA specified the following system parameters:

a. Generator Rotor Speed 20,000 rpm

b. Generator l-n Voltage I000 volts

c. Generator Frequency 1000 cps

d. Generator Average Coolant Temp. 500F

e. System Rating 250 kw, rectified
50 kw, a-c

f. d-c Bus Voltage 5000 volts

The above parameters do not result in the lightest weight system as an analy-

sis of the parametric data and original specifications show. The above choice
was determined on the basis of several additional considerations. These were

low voltage a-c motor loads, parasitic-load speed control, overload and short

circuit capacity, and paralleling provisions.

The overload, short circuit, and paralleling requirements caused the concept

of the exciter regulator to change, and resulted in a small increase in system
weight. The exciter-regulator concept chosen is a compromise between in-

creasing generator size and weight and increasing the exciter-regulator weight,

rating and complexity. The system chosen will adequately supply these over-
loads and fault conditions and provide for load division for systems paralleled

on the d-c side of the rectifiers. The operation of the exciter is explained in

section I X-A. The complete electrical system is shown in Figure 45.

The a-c motor loads considered are induction motors. From a parametric

study on various induction motors, NASA determined that 300 volt and 1000
cps produced the best motor performance, weight and efficiency. This low

voltage made a two-secondary transformer necessary: See Figure 45.

All of these additional loads caused the required rating of the generator to

increase to 350 kilovolt-amperes at 0.925 power factor lag.
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B. SUMMARY OF PRELIMINARY 300- KW
SYSTEM DESIGN

Table 11 summarizes the salient features of the system and its components.
Note that the specific weight of this system is higher than those in the origi-
nal one-to-ten study, by about 0.65 pounds per kilowatt. The generator is
the primary source of the increased weight. This increase is caused bythree
factors: (1) The full rating of the generator is not used as useful output. (2)
In general_ the ratio of generator total weight to generator electrical weight
increases as the rating decreases. In this particular instance the ratio is

about 1.4 as opposed to 1.15 in the one-megawatt designs. (3) The one-mega-
watt generators were operated at 2000 cps while this generator was operated
at 1000 cps. At the same speed_ the electrical weight of the 1000-cps genera-
tor would be 15 percent higher than a 2000-cps generator of the same rating
(See Tables 2 and 3 of section II-D. Taking these factors into considera-
tion, the system specific weight would be about 1.8 rather than 2.11.

84



TABLE 11.

SUMMARY OF SALIENT SYSTEM FEATURES

GENERATOR
Rating '(kw at. 93 P. F. )
Frequency (cps)
Coolant Temperature (average)
Rotor Speed (rpm)
Voltage, L-N, Wye (volts)
Efficiency (%)

Weight (Ibs.)
Size, L x Dia. Cinches)

VOLTAGE & CURRENT TRANSFORMERS
Coolant Temperature (average)

Connections
Efficiency (%)

Weight
Size(LxWxH)

RECTIFIERS
Rating(kw)
Coolant Temperature (average)

Output Voltage (volts)
Efficiency (%)
Weight (lbs.)
Size, L x W x H Cinches)

EXCITER- REGULATOR..
Rating (kw)
Coolant Temperature (average)
Efficiency (%)
Weight (Ibs.)
Size, L x W x H Cinches)

CIRCUIT BREAKER
Coolant Temperature (average)
Efficiency (%7

Weight (Ibs.)
Size, L x W x H Cinches)

SYSTEM
Input, Shaft Speed (rpm)
Output Power (a-c kw)
Output Power (d-c kw)

Direct Voltage
Alternating Voltage
Total Losses (kw)
Efficiency (%7
Weight; No Weight Penalty* (lbs.)
Specific Weight** (lbs./kw)

Specific Weight, with Weight Penalty

* Based on 12.5 Ibs./kw-loss for generator and transformer

** Based on useful output power

325
i000
500F

20, 000
1000
94. 0

430
15x18.5

500F

See Figure 45
98.3

145
23xllxll. 5

250
170F
5000
99.3
35.8

26.5x15.5x6

3.1
170F
93.8

15

12xgx6

500F
99.99
6.8

14. 5x6.25x5.5

20, 000
50

250
5000

300
29.5
91.2
633

2.11
3. 43

85



C. GENERATOR WAVEFORM DISTORTION

CAUSED BY RECTIFIER LOAD

Since motor-loads were considered as part of the preliminary system, some
interest was shown regarding the magnitude and type of generator voltage-
waveform distortion. This section describes the effect of the non-linear load

on generator waveform and provides curves to determine the overall effect

on system voltage droop and harmonic content.

When a rectifying device has about the same power rating as the electric-
power generator driving it, the voltage waveform of the generator is dis-
torted. The cause of the distortion is the instantaneous shorting of the gen-
erator phases as the current in one rectifying device is transferred to the
next rectifying device. This shorting condition is usually referred to as
current commutation or simply commutation. Factors which affect the dura-
tion of commutation are the impedance in series with the rectifying devices,
the magnitude of the current to be commutated, the driving voltage, the num-
ber of commutations per cycle of generator voltage, and the type of load on
the rectifier. These parameters effect the duration of commutation in the
following manner

_= ARCCOS [l-(XI/ (EM Sin (_/p))] *

where:

#.L= angle of commutation

I = current to be commutated

E M = maximum value of L-L voltage

p = number of commutations per cycle of generator voltage

X = impedance in series with rectifier

Figure 46 shows the effect of commutation on harmonic content and line-

voltage drop.

In order to make an analysis, the following simplifying assumptions were
made:

1. The total current taken from the rectifier is constant.

*Reference: "Grid Controlled Rectifiers and Inverters", C. C. Herskind,
AIEE Transactions, Vol. 53, 1934, pp 926-935.
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o Because there are six commutations per cycle, in the type of rectifier
applied, the sub-transient reactance of the generator is the only genera-
tor impedance that will affect commutation.

e All other impedances, except the transformer leakage reactance, are

assumed negligible.

4. The input to the rectifier is a balanced, 1000-cycle-per-second sinewave.

5. The effect of load voltage regulation is neglected.

The effect of neglecting other circuit impedances is small because the trans-
mission line impedance is less than 0.05 ohm, and the resistance of both
generator and transformer is quite small. The impedance to commutation,
referred to secondary of transformer, is 16.3-ohms generator subtransient re-
actance and 2.3 ohms transformer leakage reactance. The commutation vol-
tage is 5300 volts peak and the number of commutations per cycle is six.
From these values the commutation angle is 49.5 degrees. Figure 47 shows
the theoretical waveform and lists the magnitude of the expected harmonics.

Assumptions 1 and 5 make the predicted harmonics higher. If the current is
allowed to vary during commutation, the commutation time is less. If the vol-
tage is raised at the input terminals of the rectifier, to compensate for the
loss in voltage caused by commutation, the driving voltage will be higher;
thereby reducing the commutation time.

The ha=monics in the input voltage will tend to be reduced by linear loading

on the system. The exact amount is dependent upon the ratio of linear to non-
linear loading and the type of linear loading.
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Theoretical Generator Line-To-Neutral Voltage
Waveform With 250 KW d-c Load
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7 12.6

II 6.9

13 6.9
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19 4.6

_i (RMS FUND. 12'Total = - TOTAL RMS# = 29go

Total RMS = 104. 5go

RMS Fund. = 100go

Figure 47.
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D. TRANSMISSION LINE

The transmission line is 35 feet long and has 3 conductors. The size, weight
and impedance is based on a single wire operating at 150C, and radiating all
its losses to zero degrees Kelvin. The impedance of the line is 0. 015 + j 0. 043
ohms per phase. The transmission line weighs 14 pounds.
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E. RADIATION

The generator m_terials should withstand the radiation environment. Accord-

hug to Figure 1 of "The Effect of Nuclear Radiation on Semiconductor Devices"*
silicon diodes, with base regions less than one rail wide, may withstand 1013
nvt.

No comprehensive data is, however, available for the specific diodes used in
these units. No specific data is available for the silicon-controlled-rectifier

(SCR) devices. However, the SCR is similar in construction to silicon tran-
sistors and the available data on these devices show that a 1013 nvt environ-

ment would cause considerable damage.

*REIC Report No. 10, April 30, 1960, Battelle Memorial Institute,
Columbus, Ohio.
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A. GENERATOR DESIGN FOR PREUMINARY SYSTEM

Electrical

Design 25, Table 2 in section II, was selected as the most desirable 300-
kw rating for this application.

Further analysis of the system load indicated that the generator rating
should be increased to 325 kw, equivalent to 351 kva at. 925 p.f. Be-
cause the new rating is very close to the old, the parameters of Design
25 serve as a sound base for the 325-kw generator.

The rating of this generator is: 351 kva, . 925 p. f., 1000 volts line-to-
neutral, 3-phase, 1000 cps, and 20, 000 rpm. The average coolant tem-
perature is 500F.

The importance and effect of design constants RLFUF and RSLTR* were
discussed in section I I of volume 3. Twelve 325-kw designs were cal-
culated varying RLFUF between. 04 and. 10, and RSLTR between. 125
and. 175. The effect of these constants on dimensions, weight, and effi-
ciency are tabulated in Table 12. In Table 12, RLFUF was held constant
at. 04, . 05, . 075, and. 10. For each value of RLFUF, RSLTR was
varied from. 125 to. 175.

There are four groups of three designs each. Group 1 has lowest weight
but efficiency is also lowest. Group 2 has an average increase in effi-
ciency of 0. 2 percent over group 1 with an average weight increase of
1.5 percent. Group 3 has an average increase in efficiency of. 1% over
group 2, but at a weight increase of 8. 3 percent. Group 4 has an aver-
age efficiency increase of 0.2 percent over group 2, but the weight in-
crease is 14. 4 percent.

The generator designs were rearranged for the last part of Table 12.

Here RSLTR was held constant at. 125, . 150, and. 175. For each value
of RSLTR, RLFUF was varied between. 04 and. 10. There are three
groups of four designs, each group showing an increase in efficiency and
weight as RLFUF is increased. The weight range is approximately the

same in each group of designs, but the average efficiency is higher in
the groups having the highest value of RSLTR.

Close examination of Table 12 shows that Design 25A3 having RLFUF of
0.05 and RSLTR of 0. 175 is the most favorable design. It has an efficiency
of 94 percent and an electrical weight of 276 pounds. The highest effi-
ciency design is 25A12, but it weighs 317 pounds and exceeded the dimen-
sion limitations. There are three designs (25A4, 25A7, and 25A10) which
have slightly lower weight and also meet the dimension requirements, but
all have lower efficiency.
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Final design parameters for generator design 25A3 are listed in Table 13.

2. Mechanical

The layout drawing, Figure 48, defines the basic construction of the 325-
kw generator. The envelope dimensions and the dimensions of all mating

surfaces are given. The alternating current is supplied through terminals

TI, T2, T3 and TO. Excitation current is supplied through terminals F1
and F2.

The stator is hermetically sealed to permit operation with a vacuum in
the cavity. This sealing will exclude any surrounding fluid and prevent
damage to stator components by the potassium vapor existing in the rotor
cavity. The seal between the stator and the rotor is a high purity alumina
cylinder supported by columbium end pieces. The external frame seal
is a thin columbium shell which encloses the colmnbium end bell to Hi-

perco 27 frame mechanical joints and the field coil cover joints. The
development of a ceramic-cylinder seal was initiated at Westinghouse in
1960, and has performed satisfactorily to date. This sealing concept has
been successfully applied to an air-cooled generator. A continuing de-
velopment program is being pursued to improve the resistance of the
seal material to the potassium environment.

Since the mating of turbine to generator will require close coordination
with the turbine manufacturer, this aspect was not considered in the pre-
liminary design. It is felt, however, that the large temperature differ-
ential between turbine and generator and the relatively massive support
will lead to a potentially serious heat transfer problem. It is estimated
that the heat transfer by conduction may amount to several kilowatts. An
additional heat load will be radiated to the end bell on the turbine end and

to the rotor cavity. Since all such heat must be carried to the radiator

by the generator cooling fluid which is at a lower temperature than the
turbine exhaust fluid, an increase in radiator requirements would be ex-
pected. In addition, this may lead to serious temperature differentials in
the generator frame and support mechanism. Thermal radiation shield-

ing in the drive end-bell design, as well as rotor windage baffles, is indi-
cated.

The generator rotor is constructed from a single forging of SAE-4340

steel. All poles are integral with the core to assure mechanical integrity.
The pole faces are slotted to reduce eddy-current losses. The filleted
sections at the out-board ends of the rotor are provided to relieve bending
stresses in the shaft extensions and the tangential stresses at the rotor
ends. With the seven-inch shaft extensions illustrated in Figure 48 and

assuming the bearing are located two inches from either end, the first

critical speed of the rotor is approximately 30,000 rpm.
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Because the rotor of this generator is large and rotates at a high speed,
much analytical effort has been expended to accurately predict the rotor
stress and to refine the rotor configuration to reduce the magnitude of
stress. In the past, when the rotor-stress levels were well within the
material limitations, the rotor stress was calculated by considering an
uniform stress averaged over the rotor outer diameter. Now, however,
the high-speed, high-temperature rotors operate at, or near, the mater-
ial maximum stress limit; hence a more refined method of predicting
these stresses is needed.

Using a disc with a central hole loaded with diametrically opposed dis-
tributed loads as a mathematical model of the rotor, the radial, tangen-
tial, and shear stresses are determined at various points in the rotor by
superposition.

This analytical method has shown that the average stress of most of the
present designs is near the allowable stress level of the material when
time, temperature, and creep are included in the 0.5 elongation limit.
The maximum stress is a tangential stress in the rotor coolant passage
and generally occurs under the pole area.

The high stress levels can be reduced by a prestraining technique. How-
ever, the effect of creep under long-time, high-temperature operation
may negate the initial benefit of prestraining. It is, therefore, neces-
sary to determine the creep properties of rotor materials as well as the
electro-magnetic characteristics of prestrained materials. Short-time
testing in this area is currently under way, but long-term data on these
and other materials must be developed before a final design is accom-
plished.
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B. GENERATOR COOLING

I. A-C Stator

Stator losses occur in the a-c conductors, the stack teeth, the DBS (depth
below slot) iron and in the field coil conductors. The losses are 7939,

1035, 6801, and 2989 watts, respectively. Liquid potassium provides
the heat sink for these losses, entering the frame at 450F, and leaving at
550F. The coolant flows through U-tubes extending through both stacks
and the field coil and discharges at the anti-drive end. Several place-
ment methods and locations for the tubes have been studied, with parti-
cular attention to the stator stack region. These include placement of
the cooling tubes in: (1) The conductor slots; (2) The slots at the outer
diameter of the punchings; (3) The stator frame.

The third method was chosen because the first method increased eddy-

current and iron losses, while the second method either increased the
heat-flow path or cancelled the effect of laminating the core by shorting
out the laminations depending on whether a weld or brazed bond was used.
By placing the cooling tubes in the frame, the tubes could be brazed into
place without shorting out the laminations. This approach poses an ap-
parent disadvantage as there is no positive bond between the major heat
source -- conductors and core -- and its sink. However, three factors
tend to overcome this apparent disadvantage:

a. The frame will operate at a lower temperature than the stack, which
will result in reduction of the gap between these parts, and any in-
crease in stack temperature would tend to reduce the gap.

be Good thermal contact of the tube to the frame will tend to reduce the
heat flow path in the frame.

Co Final machining of the frame, following brazing, can be utilized to
reduce the coolant tube wall thickness in this area.

A tube of square cross-section was chosen to facilitate assembly and to
reduce the effective wall thickness of the tube.

The tubes in the frame are placed over each tooth in stator stack. One

tube forms a coolant inlet and the adjacent tube is the outlet. The tubes
are thus preformed hairpin shapes. Fifty-four connections are required
from each coolant plenum. Further analysis may show that a greater
pitching is allowed, resulting in a reduction in total coolant tubes. Test-
ing of an operating liquid metal cooled generator,currently under develop-
ment, will furnish data for this analysis. Analysis of obstructed flow
patterns will also be reviewed. Stator frame construction will be the
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subject of extensive review and analysis for future development.

The method chosen for cooling the a- c stator leaves two major resistances
to heat transfer. These are gaps between (1) the a-c conductor and stack
(slots) and (2) the stack and frame. This resistance is caused by the
relatively low equivalent heat-transfer coefficient through a vacuum.

The resistance in the conductor slot gap is reduced by points of contact
in each slot. The resistance of the stack-to-frame gap is reduced by
shrinking the stack into the frame and further reduced by the relative
thermal expansions of the two parts.

The effect of contact in the conductor slot is illustrated by Figure 23 of
volume 3. Average and maximum conductor temperatures and maximum

iron temperature are presented. These values were calculated assuming
a uniform distribution of points of contact between the conductor and the
teeth over the full stack length. Because the contact is expected to be
non-uniform in the actual generator, the maximum iron temperatures
will exceed those indicated. Maximum conductor temperatures may also
be higher than shown, depending upon the distance between the contact
points and the end turn. The magnitude of these temperature increases
must be evaluated experimentally.

Figure 23 of volume 3, while drawn for a vacuum condition, can also be
used to show the effect of using a gas in the stator cavity. The use of a
gas increases the effective contact. Thus, with no physical contact the

results of similar calculations with CO 2 correspond to about 5 percent
contact.

The effect of the second gap (between the punchings and the frame) upon
stator temperature is illustrated by Figure 24 of volume 3. The tem-
perature drop from the coolant to the punching material versus percent
contact is shown. By shrinking the punchings into the frame the contact
pressure is increased. This, plus appropriate choice of surface finish

(32 to 64 microinches) on the mating parts, will lead to an improved
heat transfer coefficient. The degree of contact obtainable is primarily
a function of the allowable stress in the frame and stack material (Hi-
perco 27). An alternate approach is to sandwich a thin foil or plating of

a relatively soft material in the gap. While this introduces an "air gap"
in the magnetic path, it should permit a lower pressure between the stack

and the frame while providing good contact. This approach will require
experimental evaluation to determine its effect on the thermal resistance
of this gap.

While the conductor slot gap has little effect on the conductor tempera-
tures for contact ratios over 5 percent, the contact between stack and
frame is much more significant. The most desirable means for obtain-

ing contact in this region is experimentally.
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2. Field Coil

.

The field coil loss is 2989 watts. This loss must be dissipated to the
surrounding frame and cooling tubes. The maximum temperature level
existing in the field coil is determined by the total thermal resistance,
the heat-sink temperature, and the heat generated in the field coil.

Should a single field-coil box be used in the generator, the maximum
temperature at the center of the coil would be over 1500F. This tem-

perature estimate was based upon the results of tests on a similar gen-
erator in the Westinghouse Aerospace Electrical Division Laboratory.
Such a temperature level would be intolerable, since neither wire nor
insulation could be obtained for such conditions.

The field coil of this generator has been designed to reduce this temper-
ature level by creating a shorter heat transfer path and larger heat trans-
fer area. The former was accomplished by placing part of the coil be-
tween the a-c conductors and the coolant tubes, and the latter by placing
fins on the cooling tubes. The estimated maximum temperature for this
coil design is 1000F.

Rotor

The rotor pole face losses and windage losses are 2250 and 813 watts,
respectively. To cool the rotor liquid potassium is introduced at the
anti-drive end, passes through the rotor core and each pole and is then
discharged at the anti-drive end in a counter flow path. The poles are
cooled by diverting the liquid radially from the central passage to the
pole tip at each rotor-pole section. The size and location of the rotor

coolant passages illustrated on the layout represent the configuration
based on current studies of rotor cooling. Further investigation is being
conducted in this area based on analytical and test results. The config-
uration can change extensively when more is known of the allowable tem-

perature limits on the surface of the rotor and the temperature effect on
the electro-magnetic design. This one area represents a subject for
extensive future investigation.
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C. MECHANICAL MISALIGNMENTS AND ELECTRICAL FAULTS

1. Magnetic Forces

a. Radial Displacement

When the rotor of an electromagnetic machine is displaced radially
from its normal position, a force is produced which tends to move
the rotor in the direction of the displacement. This force has been
calculated as a function of rotor displacement and is shown in Fig-
ure 49.

b. Tilted Rotor

When the rotor of an electromagnetic machine is cocked or tilted
about its center, Point 0 of Figure 50, from the position of perfect
alignment, tb _ ends will be displaced at points A and B, and a torque
will be produced which tends to produce further misalignment. Torque
and displacement have been calculated for design 25A3 for three angles
and are tabulated below.

Rotor Tilt
(degrees)

Displacement at
Points A and B

(inches)

Torque
About Point 0

(inch-pounds)

1.0 .071 1430
• 5 .036 715
• 3 .021 429

2. Generator Losses and Fault Capacity

The losses and efficiency of this generator at various load conditions
are tabulated in Table 14. Five load and power factor conditions are

given• The loads are based on d-c loads of 25, 50, 75, and 100 percent
with the a-c load constant for each condition. The 150 percent over-load

condition is based on a 0.95 power factor.

Table 14 also shows the fault capacity for three types of faults. The mag-
nitude of alternating current, at each fault condition, is given for three
values of generator excitation.

Figure 51 provides saturation curves for generator load conditions of
no load, 150-percent load_ and 100-percent load at 3 power factors. A
curve of three-phase fault current for various values of generator excita-
tion is also included.
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TABLE 14.

Generator Losses and Fault Capacity

Efficiency and Losses
At Various Load Conditions

Line Current, Amperes
Power Factor

KW Output

Copper Loss, Watts
Iron Loss, Watts
Total Loss, Watts

Percent Efficiency

57.3
.79

136

3940
10118
14058

90.6

78.4
• 85

200

6160
10118
16278

92.5

100
• 88

264

9130
10118
19248

93.2

117"
• 925

325

10877
10118
20995

94.0

175
.95

499

25200

10118
35318

93.4

Fault Capacity
For 3 Values of Excitation

Excitation, Amp-turns

Short Circuits, Amperes
3-phase
Line to Line
Line to Neutral

6217

117
141
241

12,514

234

282
482

20, 643

351
423
743

* Rated Current
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D. GENERATOR MATERIALS

A detailed discussion of generator materials was presented in section III-A
of volume 1. The materials which will be used in the 325-kw generator are
listed below:

Summary of Construction Materials

Component(s) Material

Rotor (1,2)
Coolant tubes (2)

Seal end supports (1), Frame

mounting brackets (1)
. _1%

Frame parts, punchings
External frame seal

Current carrying members
Slot liners, terminal insulators
Wire insulation
Field Coil Insulation

Punching insulation (inter-laminar)
Stack end insulation

1 - Exposed to potassium vapor
2 - Exposed to liquid potassium

4340 Steel

Columbium alloy, B-33

Columbium alloy, B-33
Alumina (99.5% pure)

Hiperco 27 alloy

Columbium alloy, B-33

Copper, Nickel-plated
Alumina (99% pure)

Glass bonded refractory
Mica Sheet

Aluminum- ortho- phosphate
Mica Sheet

106



I. Basis of Design

A. ELECTRICAL DESIGN

o

In the parametric data portion of this study program, the excitation sys-
tem design contained no provisions for parallel operation or for supply-
ing excitation power during overload and fault conditions. However, these
requirements were added to the preliminary design; thus necessitating a
modification of the original excitation system design.

Specifically, new design objectives of the excitation system include the
capability to supply the excitation required for 1.5-per-unit load and 3-
per-unit short circuit conditions. The ability to divide loads, at the d-c
bus, among four paralleled generating systems was also included.

The modified excitation system consists of an exciter-regulator which
supplies power to a controlled field winding (F1) and an auxiliary current
transformer which supplies power to an auxiliary field winding (F2), see
Figure 45. The effect of the two fields is additive: The current trans-
former supplies a rectified current proportional to the total generator
load current; while the exciter-regulator supplies the remaining current
required for rated generator output voltage. Under certain abnormal

load conditions, specifically short circuits, the output of the exciter-
regulator collapses and the auxiliary current transformer supplies cur-
rent to both field windings in parallel.

Basis of Design

The following table lists the important parameters for the conceptual ex-

citer regulator.

Generator Rating 350 kva, 0. 925 p. f., 1000 cps

Generator Excitation Requirements:

1 p.u. load
1.5 p.u. load
3 p.u. short circuit

Field Power (kw)
Field F1 Field F2

1.9 1.2
3.2 2.9

1.8 7.5

The preliminary design of the exciter-regulator is based on the follow-
ing considerations and assumptions:

a. The normal steady-state voltages applied to the rectifiers and con-
trolled-rectifiers in the power amplifier and auxiliary rectifiers are
selected so that the applied peak inverse voltage is 50 percent of
their maximum ratings. This gives a safety factor to allow for sys-
tem bus voltage transients.
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be The maximum steady-state operating temperature of the controlled-

rectifierjunctions is held to a maximum of 93C which is a 25 per-

cent derating from their maximum allowable junction temperature
of 120C. This derating increases the reliabilityof these devices.

C. The magnetic amplifier design and packaging will result in a maxi-

mum internal temperature rise of 50C above the cold plate tempera-
ture. This will result in very small changes in core characteristics.

de The design and packaging of the transformers will result in a maxi-
mum internal temperature rise of 200C above the cold plate temper-
ature. This will eliminate the need for special high temperature in-
sulation.

e.

f. The load sensing current transformer required for the load division

circuit in parallel operation is not included in this design study.

g. The use of silicon semiconductors assumes that sufficient shielding
against nuclear radiation will be employed.

2. Description of Circuits

The exciter-regulator can be divided into four basic functional blocks:

(1) voltage error detector, (2) load division circuit, (3) preamplifier,
and (4) power amplifier. The exciter-regulator design is shown in sche-
matic diagram, Figure 52, which also includes a fifth functional block
containing the bridge rectifier required for the auxiliary current trans-
former.

The voltage error detector circuit consists of a sensing transformer,
bridge rectifier, and zener diode voltage reference bridge. The average
of the three-phase generator output voltage (applied to terminals T1, T2,
T3 and N) is sensed, rectified, and then compared with the reference vol-
tages of two matched zener diodes. Any deviation from the desired gen-
erator voltage results in an error signal being applied to a control wind-
ing in the preamplifier.

The load division circuit consists of a bridge rectifier and an L-C filter

network being fed from input terminals X1 and X2. The output of this
network is in series with a portion of the voltage error detector circuit
such that, in parallel operation, the output of the voltage error detector
is a function of both the system bus voltage and the load division circuit.
(A more complete description of this circuit is described below. )
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The preamplifier consists of three half=wave magnetic amplifiers (AR1,
AR2, and AR3) operating from a three=phase transformer, a bias cur-
rent supply regulated by a zener diode (CRll), and an RLC network which
feeds back the output voltage of the power amplifier to a compensation
winding in the preamplifier. The gate winding of each magnetic amplifier
is connected to the gate terminal of an appropriate controlled rectifier in

the power amplifier. The algebraic sum of the ampere=turns in the con=
trol windings (from the detector) bias, and compensation circuits) deter-
mines the firing angle of each magnetic amplifier with respect to the posi-
tive half cycle of voltage applied to each one.

The power amplifier contains a three-phase power transformer and a
full-wave bridge rectifier consisting of three controlled rectifiers and

three conventional rectifiers. The power transformer steps down the
system voltage (applied at terminals Pl, P2 and P3) to a level compatible
with the voltage ratings of the rectifiers in the rectifier bridge. The con-
trolled rectifiers are fired by the gate voltages applied from the preampli-
fier. The firing angle of each controlled rectifier is proportional to that
of the corresponding magnetic amplifier in the preamplifier, and this fir=
ing angle determines the amount of excitation power supplied to the con-
trolled field winding through output terminals F1 and A.

The auxiliary rectifier consists of a three-phase bridge rectifier and a
))spill=over" diode (CR27). Input current from the auxiliary current
transformer (through terminals CT1, CT2, and CT3) is rectified and

fed to the auxiliary field winding through output terminals F2 and A.
Whenever the output voltage to field F2 exceeds that to field F1, output
current will overflow into field F1. The rectifiers in this circuit also

provide a commutation path for the field current which results from the
emf generated in field F1 during that portion of each cycle when the con-
trolled rectifiers are not conducting.

Description of Operation

During normal isolated system operation the auxiliary current transformer
supplies excitation current to field F2 proportional to the load current of

the system. This amount of excitation, at a given load impedance, is not
sufficient to support rated system voltage. Therefore, in the exciter-
regulator, the voltage error detector which senses the generator a-c out-
put voltage adjusts the output cf the exciter-regulator (to field F1) to a
level which will support and maintain rated system voltage. During fault
conditions, especially short circuits, the output voltage of the power am-
plifier may be less than that of the auxiliary rectifier. In such a case the
auxiliary current transformer supplies partial or full current to field F1
as well as full current to field F2.
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During parallel system operation the outputs of the load division circuits

of each exciter-regulator (terminals E1 and E2, Figure 52) are also par-

alleled. In each system a current signal is received from a load sensing

current transformer placed at the input to the system rectifier bank.

This current signal is proportional to the d-c load current of the system
and is fed into the load division circuit (terminals Xl and X2). With equal

load currents in all systems the voltages developed across terminals E1

and E2 are equal and no effects are produced in any voltage error detec-

tor circuit. However, when one system is supplying more (or less) than
its share of d-c load current, the developed voltage in its load division

circuit (across R16) will increase (or decrease), thus forcing a change

(viz. the voltage across R17) in the detector circuits of all paralleled
systems. The effect is to decrease the excitation to the system produc-

ing more than its share of load current and to increase the excitation to

the sy_Lum producing iess man its share of load current.

110



I-.I

I

I--I

-°°d --c --

i
i

k_

I.,.

I t.

i

i_j-"S \

0

L3

-( --u ----

Vl

IbJ.
Vl

I

_v _ti

I

",4

i

III



.

B. MECHANICAL DESIGN

General

The exciter-regulator package is formed from aluminum sheet to achieve
low weight and high thermal conductivity. Cooling is accomplished by

conducting losses from electrical components to a cold plate. The cold
plate is formed aluminum sheet with coolant ducts welded to the bottom

of the plate. It serves as a structural base for the unit as well as a

cooling means. The package is a bolt-down design with four mounting
points.

Conduction is the primary means of cooling the electrical components,
and laminar-flow liquid convection through coolant tubes is used to main-

tain the required cold-plate temperature. Monoisopropyl biphenyl (MIPB)
is the chosen coolant, with the average temperature assumed to be 170F.

All semiconductor junction temperatures are derated 25% from the maxi-

mum junction temperature specified by the manufacturer. Beryllium ox-
ide is used as insulation for all semiconductors to obtain low thermal re-

sistance with good electrical insulating properties.

Transformers within the exciter-regulator are cooled by conduction of the

losses through an epoxy resin (filled with pellets of beryllium oxide) to

the cold plate. The mixture of epoxy and beryllium oxide exhibits very
good thermal conductivity, high strength, high electrical resistance, and
a coefficient of expansion equal to that of aluminum.

All other components are mounted directly to the cold plate except for
miniature resistors and semiconductors which are mounted on aluminum

printed circuit boards. Temperature sensitive components are mounted

near the coolant inlet and separated from high temperature or high heat
loss components.

The minimum coolant flow rate and pressure drop as specified in Table

15 are those required to maintain semiconductor junction temperatures

below the derated maximum at all conditions of exciter-regulator output.

2. Specific Design Information

a. Exciter Regulator

Design details and information for the exciter-regulator package are
listed below.
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TABLE 15.

Exciter-Regulator Design Information

Maximum Outline Dimensions Figure 53

Calculated Weight
With Coolant
Without Coolant

MIPB Coolant

Average Temperature

15.00 lb.
14.80 lb.

170F

Inlet Temperature
Exit Temperature
Flow Rate

Pressure Drop
Power Loss

165F
174F

218 lb/hr.
0.10 psi (3.1 in.

0.5 per unit system load
1.0 per unit system load
1.5 per unit system load
3.0 per unit three-phase

short circuit.

185 watts
211 watts
318 watts
303 watts

H20)

bt Auxiliary Current Transformer

The auxiliary current transformer is a three-phase design utilizing
a three-phase transformer core and multiple primary turns. The
currelLt transformer is packaged with the main system transformer
and further design details are included in that section. The design
is such as to cause the current transformer to saturate at a three-

per-unit, three-phase load current condition. This limits three-

phase_short-circuit faults to three-per-unit fault current.

Design information, such as power losses and weights, are not iden-
tified specifically for the auxiliary current transformer because such
details are included with the main system transformer design.
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C. MATERIALS AND COMPONENTS

Components

The electrical components listed below have been selected for the ex-

citer-regulator. A description of the component and the estimated oper-
ating temperature of the hottest component within each group is given,

TABLE 16.

Electrical Components for Exciter-Regulator

Component

Controlled-

Rectifier

Rectifiers

Diodes

Resistors

Potentiometer

Capacitor

Saturable

Transformer

Description of Components

Stud mounted, heremetically sealed,
silicon junction.

Stud mounted, hermetically sealed,
silicon junction.

Glass encapsulated, hermetically
sealed, silicon junction.

Encapsulated wire- wound.

Encapsulated wire- wound.

Mica impregnated with thermal setting
polyester and hermetically sealed.

8070 nickel-iron alloy toroidal core
incased with silicone grease in
aluminum core box. Wound with ML

insulated magnet wire and insulated
with mylar tape.

Grain oriented silicon steel E cores

wound with ML insulated magnet wire
and insulated with teflon.

Estimated

Operating

Temp. - C

93 (junction)

130 (junction)

100

100

100

120

130

280
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2. Materials

The following materials are used in the mechanical design of the exciter-
regulator package.

a. Aluminum QQ-A-318 Cond. I/2H

b. Clips, Component - Nickel plated Steel
c. Solder, Tin Lead 60-40
d. Epoxy I00_ Solid

e. Epoxy 53841GD Blue Thixotropic epoxy resin fluidized powder.
f. Silicone Rubber

g. Glass Filled Epoxy Nema G-10

h. Beryllium Oxide
i. Extruded Teflon

j. S_eei QQ-_-633- _'_i0i0
k. Carbon Steel (_-S-633-Cl137

1. Clear Phenolic Varnish, Vacuum pressure impregnated
m. Teflon Impregnated Glass Cloth
n. Silicone Micarta Nema G-7

o. 8468-2 Tape, Thermosetting Glass Tape
p. Varnish, Silicone D. C. 997
q. Nickel Plating

r. Gold Plating

s. Hook up wire, teflon insulated copper wire
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D. RECOMMENDED AREAS FOR FURTHER STUDY

During the course of this study program, certain problem areas appeared
which will require further study in order to obtain a satisfactory system.

1. Susceptibility to Radiation

The radiation environment in which the exciter-regulator will be placed
was specified for this preliminary design only and not for the previous
portions of the study. The specified radiation level may possibly be too
severe for the silicon semiconductors, especially the controlled recti-
tiers, which are required in this design. Therefore, additional study is
recommended in this area to determine the actual effect of the specified
radiation upon the present design and to determine what shielding, if any,
is necessary to sufficiently protect the present design.

2. Radio Interference

No requirements concerning radio interference characteristics have
been defined for this study program, and so radio noise suppression
filters have not been included in the design. However, the use of high-
current silicon diodes and controlled rectifiers, operating at 1000 cps,
may produce considerable high frequency radio noise. Depending upon
the degree of suppression required, if any, suppression techniques may
become quite involved and additional study in this area may be required.

3. System Voltage Buildup

No consideration has been given to the method of building up the system
bus to rated voltage. Either system residual voltage or a d-c power
supply external to the system may be used to provide buildup excitation.
In either case additional switching circuits will be required. When the
system is more specifically defined an investigation should be undertaken
to determine the most appropriate method for system voltage buildup.

4. Parallel Operation

Provisions have been included in the preliminary design for dividing real
load at the d-c bus. The load division circuit was included as a concep-
tual design only. No consideration was given to the design of the load
sensing current transformer required to supply the load signal to the

load division circuit. Furthermore, no consideration was given to the
detailed design of the load division circuit, especially the sensitivity
which may be required. When the system parameters are better defined,
particularly the turbine drive and control characteristics, further study
is recommended to determine the real load division characteristics of a

four unit paralleled system. Such a study should determine the sensitiv-
ity required for the load division circuit.
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A. ELECTRICAL DESIGN

1. Power transformer

The power transformer design was selected from a number of designs
to provide minimum system weight. The selection was based on a cool-
ing system weight penalty of 12.5 pounds per kilowatt of loss. The losses
were based on a temperature of 850F as it was estimated there would be

a 300F temperature gradient between the cooling fluid and the copper and
iron.

In the transformer design, a number of assumptions were made as a
basis for the design. It was assumed the copper had 100 percent con-
ductivity at the temperature at which the losses were calculated. It
was assumed the temperature effect on the iron would be the same for

frequencies above 400 cps as it is for frequencies below 400 cps. Avail-
able 400 cps data was then projected to give working values. It was also

assumed that a tape wound core using an inorganic binder would be used
because of cooling efficiency. Inorganic binders for tape wound cores
to temperatures of ll00F are under development at the present time and

appear to be feasible. An alternate material for the core would be "Cubex",
but used in punching form which adds about 6 percent to the core weight.

The transformer parameters for 100 percent load are:

Input 339 KVA
Output 330 KVA
Copper Weight 30 Pounds
Iron Weight 49.8 Pounds

Total Weight (Electro-
Magnetic) 79.8 Pounds

Losses_ watts 1 p.u.
Copper 4000
Iron 2200
Total 62OO

.75 p.u. .50 p.u.
2500 1000
2200 2200

4700 3200

Current Transformer

The current transformer design was made with the same basic assump-
tions as the power transformer. The construction, although on a smaller

scale_ is the same as the power transformer. However_ the current
transformer differs in the basic design because the rating of the current
transformer is determined by the generator excitation required at three-
per-unit fault current.
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B. TRANSFORMER MECHANICAL DESIGN

The power transformer and the auxiliary current transformer are mounted

in a single package. Preliminary design data are presented in Table 17.

TABLE 17.

Mechanical Design Data

Weight (lbs.)
Power Transformer Electro- Magnetic
Current Transformer Electro- Magnetic

Total Electro- Magnetic
Transformer Dry Weight

Transformer Wet Weight

Losses (Watts)
Power Transformer

Current Transformer

Total

Coolant

Flow, Ibs/min.
Pressure drop, psi

Inlet Temperature

Outlet Temperature

Outline Drawing

79.8

4.9
84. 7

143.8
145.3

6200

40
6240

20

0.012

450
550

Figure 54

Steel support beams are clamped along the open edges of the power trans-
former core and extend beyond the coils directly to mount points. At one

end of the power transformer the auxiliary current transformer is similarly
mounted on crossbeams between the power transformer structural supports.

Coolant ducts are supported by brackets from the beams. Core forms pro-
vide insulation and support for the coils on the core legs. Additional support
to the coils is given by support straps and brackets, impregnant and poring,

and, in the case of the power transformer, coolant ducts.

Coolant fluid is ducted over the core and through the coils of the power trans-

former to reduce the internal temperature drop. A tape-wound core is
clamped between cold-plates which cover the surfaces formed by tape edges.
Coolant ducts are welded or brazed to the plates along the legs beneath the

coils. Ducts and cold-plates are of columbium-zirconium alloy. Similar
ducts are passed between the primary and secondary windings at each end of
each coil, perpendicular to the direction of winding. All ducts and plates
are electrically insulated from the windings.

119



i _ XVI'V II

XVkV 09"11

k,,

k

I,...

k.

0

19.0



X l POWER-RECTIFIERPRELIMINARYDESIGN



Power transformer core losses are assumed to be conducted through the
core iron impregnant and cold-plate to the coolant ducts. Copper losses

are assumed to be conducted through the layers of copper, insulation, im-
pregnant_ and potting to the coolant ducts laminar flow liquid convection then
cools the duct walls.

The auxiliary current transformer core is clamped between cold plates in
the same manner as the power transformer with coolant ducts joined to the

plates along the core edges outside of the coils. Due to the relatively low
losses in this transformer, coolant ducts within and beneath the coils are

unnecessary. The unit is potted to facilitate heat conduction from the coils
to the coolant ducts.
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C. LIST OF MATERIALS

a. Coolant

b. Coolant Tubes
c. Heat Sink

d. Supporting Structure

e. Hardware

f. Cooling Tube Insulation
g. Conductor
h. Core

i. Insulation

Liquid Potassium

Columbium- zJ rconium Alloy
Copper

High strength austenitic steel or a
stable stainless steel (Type 321)
High strength austenitic steel or a
stable stainless steel (321)
Mica

Copper
Silicon Steel

Mica, glass, asbestos, and combi-
nations of the preceding
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A. ELECTRICAL DESIGN

This preliminary design is based on the following electrical requirements.

Output Power:

Output Voltage:

Input Frequency:
Phases:

250 kw
5000 volts d-c

1000 cps
3

The rectification method chosen is the silicon-diode, full-wave-bridge cir-
cuit described in Section III-A of volume 2. This design uses 17 silicon
diodes in series for each of the six legs in the rectifier bridge. Each diode
is electrically shunted with a resistor and capacitor. Table 18 lists the

components selected for this preliminary design.

There has been no filtering of the d-c output voltage included in this design.
It is estimated that the rms ripple voltage will be 5 percent of the d-c output
voltage for resistive loads.

Figure 55 is a calculated performance curve of the rectifier assembly through
the maximum rating of the rectifier components. This curve shows conver-
sion efficiency as a function of output power at rated input and output voltage.
These efficiency calculations are based on the assumption that the input vol-
tage source has zero internal impedance. A final design calculation of effi-
ciency would require that the source impedance be known and considered in
the calculation. The subtransient reactance of solid rotor generators has a
significant effect on conversion efficiency and voltage regulation as section
V I I shows. It is recommended that this area be given careful consideration
in a final system design.

No consideration has been given to the elimination of radio frequency inter-
ference frequently encountered with silicon rectifier circuits. Allowable

limits should be specified for a final design and filtering should be provided
if necessary. This filtering is not expected to be a problem but will slightly
increase the size and weight and decrease the overall efficiency of the recti-
fier assembly.

The tolerance of this preliminary design for the radiation environment speci-
fied has not been determined. Materials used in this assembly have been
specified for this determination and should be considered during a final de-
sign. It is expected that some shielding or changes in material will be re-
quired for prolonged operation in this environment.
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TABLE 18.

Rectifier Electrical Data for 250-KW,
Silicon- Diode Rectifier

D-C Bus Volts 5000

Diode Type
Number Required

Loss, Watts/Diode
Weight, pound/Diode

Resistor Type

Capacitor

Number Required

Loss, Watts/Resistor
Weight, Pounds/Resistor

Size, L x Dia., Inches

Type
Number Required

Loss, Watts/Cap.
Weight, Pounds/Cap.

Size, L x Dia., inches

Conductors Type
Loss, Watts
Weight, Pounds

JEDEC IN1190, 800 PIV
102

20.1 at F. L.

0.058

Metal Cased, Wire

102

0.97
0.0165
1.44 x 0.385

0.01 uf at 600 WV, d-c
102
0.023

0. 013
1. 125 x 0. 562

Copper, i0 AWG
17 at F. L.
0.7

Total Loss, Watts 2168

Conversion Efficiency 99.1
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Rectifier Output Power (KW)

Figure 55.
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B. MECHANICAL DESIGN

Preliminary design data for the 250-kw rectification system is presented in
Table 19.

TABLE 19.

Dry Weight ............................

Wet Weight ............................
Coolant ...............................

Coolant Flow ..........................

Coolant Inlet Temp .....................
Coolant/Outlet Temp .............. _ ....

Cc,olai_t Pressure Drop .................
Heat Load ............................

Outline Dwg. No .......................

33.9 Ibs.

35.8 Ibs.

Monisopropyl Biphenyl

(MIPB)
30.0 Ibs./minute

165F
1 _ _ "t':,
,a. i ,tJ .IL"

O. 85 psi
2170 watts

Figure 56

Each diode is mounted directly to a beryllium oxide insulation plate with a
resistor capacitor clip mounted to the plate adjacent to the diode. Insulation
plates, in turn, are adhesive bonded to an aluminum cold plate with mechani-
cal fasteners to insure positive support. Adhesive bonding allows direct con-
duction of heat from the insulation to the cold-plate, eliminating the thermal
resistance inherent in an air gap. The low elastic modulus of adhesive bond-
ing agents, plus expansion gaps left between the insulation plates, serves to
avoid high thermal stresses caused by differential expansion between the in-
sulation and the aluminum cold-plate. The cold-plate is formed aluminum

sheet, with coolant tubes or ducts brazed or welded to the underside of the
plates.

Electrical components are cooled by conduction of heat through the insulation

to the cold-plate, with turbulent flow liquid convection used to maintain cold-
plate temperature. Monoisopropyl biphenyl was chosen as the coolant. For
its properties, refer to section I I of Volume 1.

Diode junction temperatures are limited to 288F (142C) derated 25 percent
from the maximum junction temperature of 190C specified by the manufac-
turer. Beryllium oxide insulation is used to obtain low thermal resistance
with electrical insulating properties. Overall thermal resistance between
the rectifier case and the cold-plate is assumed to be 2.09F/watt.

Diodes are arranged in six rows of eight and nine diodes, rlternating on each
of two decks. Thus, each leg of 17 diodes is contained in two rows. Each
row is cooled by one duct carrying 15 pounds per minute of coolant, with the
ducts on each deck joined in series. The coolant flow of 30 pounds per minute
is divided between the two decks.
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C. LIST OF MATERIALS

The following materials are used in the rectifier assembly described:

Diodes

Capacitors

Resistors
Hardware

Mounting Clips
Solder
Insulation

Struct_._ & Tubing
Conductors

Silicon alloy, nickel plated copper case, glass
hermetic seal, hard solder connections, nickel
plated copper anode terminal.
Bendix E-200 Series, reconstituted mica insula-

tion, aluminum foil, glass hermetic seal.
Wire wound, metal cased, tinned copper leads.
Carbon steel QQ-S-633, FS1010, Nickel Plate.
Nickel Plated Steel.
Tin 60%, lead 40%.
Beryllium Oxide.
Aluminum QQ-A-318 Cond. 1/2 hard.
Copper
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A_ ELECTRO-MECHANICAL DESIGN

1. Design Data

The design of the line circuit breaker was based on the fundamental con-
siderations developed in the parametric study (Section VI). Briefly re-
stated, these are:

R. The circuit breaker is a 3-pole, single-throw (3PST), latch-type,
remotely operated device.

b. The unit is of non-sealed design to utilize the superior dielectric
properties of the space vacuum.

Co The contact materials selected are copper-columbium as determined
by mutual insolubility considerations.

Table 20 summarizes the electrical and mechanical data for the circuit
breaker.

TABLE 20.

Design Data For Circuit Breaker

Dry Weight, pounds 6. 5
Wet Weight, pounds 6. 8
Coolant Potassium

Flow, lbs/min. 1.4
Pressure drop, psi 0. 002
Inlet Temperature 495F
Outlet Temperature 505F

Losses (watts)
0.5 p.u. load 9
O. 75 p.u. load 20

1 p.u. load 36
2 p.u. load 144
4 p.u. load 578

Outline Drawing Figure 57

2. Configuration

The selection of the power circuit configuration was based on eliminating
all sliding or rolling surfaces in the breaker. Power is brought into the
unit through a copper feed-through insulated with beryllium oxide. (Beryl-
lium oxide is used to provide the necessary insulation and to provide a
good thermal path to the structure. ) Molybdenum flexible straps are
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mounted on the feed-through extension with the copper movable contact
mounted on the opposite end of the straps. (Molybdenum was chosen as

a compromise between electrical resistivity and mechanical strength
needed for the flexing straps. ) A columbium stationary contact is mounted
by means of beryllium oxide insulation in line with the copper movable

contact. A vapor shield is mounted around and concentric to the station-
ary contact. Columbium is used for the other feed-through as a common
member with the stationary contact.

3. Actuating Mechanism

.

A plate type armature magnet and a permanent magnet latch are located
between phases. A cross arm is provided which is mechanically coupled
to the movable contact of each phase by electrically insulated springs.
These springs provide contact overtravel forces. The cross arm is
actuated by the close magnet and the latch by means of magnetic coupling
which counteracts the permanent magnet holding force.

Cooling

Electrical heat losses are conducted through contacts, molybdenum sup-

port straps, feed-throughs_ and insulation to the unit base. The base is
cooled by laminar-flow liquid convection through a coolant conduit joined
to the base. The base and coolant conduit are of columbium-zirconium

alloy to facilitate compatibility with liquid potassium coolant. Additional
structure is of stainless steel. Contact temperature is limited to 675F at
1-per-unit load.

In an actual system design, the above losses listed above might just as
effectively be dissipated by radiation to an external sink, as pointed out
in the parametric study. However, for the purposes of this study, it was
decided to design the circuit breaker as an independent unit and not rely
on an unspecified heat sink.
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B. UST OF MATERIALS

The following materials would be used in the circuit breakers described above:

Contacts

Contact Supports
Contact Arm
Insulation
Base and

Cooling Tubes
Structure and

Cover
Hardware

Solenoid

Spring

Copper and Columbium
Copper
Molybdenum
Beryllium Oxide

Columbium- Zirconium Alloy

Type 321 Stainless

Type 321 Stainless and possibly a high strem_.h
........... ,_vy _ucn as Discaloy or A-286)
Armco Iron, copper, Alnico 5
Inconel x or Rene' 41
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